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Description 



METHOD FOR MODELING INTEGRATED 
CIRCUIT YIELD 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] The present invention relates to the field of integrated cir- 
cuit design; more specifically, it relates to a method of 
predicting manufacturing yield of a proposed integrated 
circuit design. 

[0003] BACKGROUND OF THE INVENTION 

[0004] In the present state of the art, accurate yield prediction for 
an integrated circuit design based on critical area analysis 
can be performed only after design of the integrated cir- 
cuit design is complete, while relatively simple and inac- 
curate die size models are used to predict yield prior to 
the design being completed. As integrated circuits be- 
come increasingly more complex, it is found that the pre 
and post design yield predictions often do not agree. Fi- 



nancial considerations require a more accurate metliod for 
predicating yield and lience cost at the time a new inte- 
grated circuit is under consideration. Tlierefore, a metliod 
that accurately predicts yield prior to design completion is 
required. 
Summary of Invention 

[0005] A first aspect of the present invention is a method for 

predicting manufacturing yield for a proposed integrated 
circuit, comprising in the order recited: (a) providing a 
multiplicity of different integrated circuit library elements 
in a design database, each library element linked to a cor- 
responding normalization factor in the design database; 
(b) selecting library elements from the design database to 
include in a proposed design for the integrated circuit; (c) 
generating an equivalent circuit count of the proposed 
design based on the normalization factors and a count of 
each different library element included in the proposed 
design; and (d) calculating a predicted manufacturing 
yield based on the equivalent circuit count, a defect den- 
sity value and an area of the proposed integrated circuit 
chip. 

[0006] A second aspect of the present invention is a method for 
predicting manufacturing yield for a proposed integrated 



circuit, comprising in the order recited: (a) assigning dif- 
ferent integrated circuit library elements into circuit types 
according to a user defined list of attributes; (b) compiling 
a set of yield limiting parameters for each circuit type and 
determining a normalization factor for each circuit type; 
(c) selecting library elements from the design database to 
include in a proposed design for the integrated circuit; (d) 
generating an equivalent circuit count of the proposed 
design based on the normalization factors for the circuit 
types and a count of each different library element in- 
cluded in the proposed design; and (e) calculating a pre- 
dicted manufacturing yield based on the equivalent circuit 
count, a predicted density of manufacturing defects and 
an area of the proposed integrated circuit chip. 
[0007] A third aspect of the present invention is a computer sys- 
tem comprising a processor, an address/data bus coupled 
to the processor, and a computer-readable memory unit 
coupled to communicate with the processor, the memory 
unit containing instructions that when executed imple- 
ment a method for predicting manufacturing yield for a 
proposed integrated circuit, the method comprising the 
computer implemented steps of: (a) providing a multiplic- 
ity of different integrated circuit library elements in a de- 



sign database, each library element linked to a corre- 
sponding normalization factor in the design database; (b) 
selecting library elements from the design database to in- 
clude in a proposed design for the integrated circuit; (c) 
generating an equivalent circuit count of the proposed 
design based on the normalization factors and a count of 
each different library element included in the proposed 
design; and (d) calculating a predicted manufacturing 
yield based on the equivalent circuit count, a predicted 
density of manufacturing defects and an area of the pro- 
posed integrated circuit chip. 
Brief Description of Drawings 

[0008] The features of the invention are set forth in the ap- 
pended claims. The invention itself, however, will be best 
understood by reference to the following detailed descrip- 
tion of an illustrative embodiment when read in conjunc- 
tion with the accompanying drawings, wherein: 

[0009] FIG. 1 is a diagram illustrating an exemplary planned inte- 
grated circuit design according to the present invention; 

[0010] FICs. 2A and 2B are exemplary tables illustrating a portion 
of a design database according to the present invention; 

[0011] FIG. 3 is a flowchart of the method for predicting manu- 
facturing yield of an integrated circuit, according to the 



present invention; 

[0012] piG_ 4 is an exemplary table illustrating a list of planned 
integrated circuit design library elements according to the 
present invention; 

[0013] FIG. 5 is an exemplary plot of defect density versus yield 
by technology as used by the present invention; 

[0014] FIG. 6 is an exemplary plot of yield versus normalized cir- 
cuit count by technology according to the present inven- 
tion; and 

[0015] FIG. 7 is a schematic block diagram of a general-purpose 
computer for practicing the present invention. 
Detailed Description 

[0016] A defect is defined as an imperfection that may or may 

not cause an electrical failure of an integrated circuit, de- 
pending upon the size and location of the defect. Defect 
density is defined as the number of defects per unit area 
of an integrated circuit chip. A fault is defined as an elec- 
trical failure caused by a defect. Critical area is defined as 
the portion of the total area of an integrated circuit chip 
where occurrence of a defect of sufficient size will cause a 
fault. Fault density is defined as the defect density multi- 
plied by the ratio of the critical area to the total chip area. 
An integrated circuit technology is defined as a set of 



masking levels, each masking level having a minimum 
linewidth for shapes and a minimum spacing between 
shapes. 

[0017] A planned integrated circuit design according to the 

present invention comprises a plurality of library circuit 
elements organized by circuit types. A library element is 
defined as a set of devices (i.e. transistors, diodes, resis- 
tors, capacitors and inductors) wired together in a circuit 
that perform a function. A circuit type is a set of library 
elements that have a common sensitivity to random de- 
fects. In the present invention, common sensitivity is de- 
fined by normalization factors, so library elements within 
a circuit type either have the same normalization factor or 
have normalization factors within a predetermined range 
of each other. 

[0018] Library elements of a given integrated circuit design share 
a common technology, one aspect of which is common 
minimum groundrules. Minimum groundrules define the 
smallest linewidths and spaces (shapes) devices may have. 

[0019] FIG. 1 is a diagram illustrating an exemplary planned inte- 
grated circuit design 100 according to the present inven- 
tion. In FIG. 1, Planned integrated circuit 100 includes sets 
of library elements 105A, 105B through 105X, llOA, HOB 



through llOX and 115A, 115B through 115X. Sets of li- 
brary 105A, 105B through 105X are all circuit type TA. Set 
of library elements 105A include a multiplicity (from 1 to 
Al) of identical library elements EAl. Set of library ele- 
ments 105B include a multiplicity (from 1 to A2) of identi- 
cal library elements EA2. Set of library elements 105X in- 
clude a multiplicity (from 1 to AX) of identical library ele- 
ments EAX. Set of library elements llOA include a multi- 
plicity (from 1 to Bl) of identical library elements EBl. Set 
of library elements llOB include a multiplicity (from 1 to 
B2) of identical library elements EB2. Set of library ele- 
ments llOX include a multiplicity (from 1 to BX) of identi- 
cal library elements EBX. Set of library elements 115A in- 
clude a multiplicity (from 1 to XI) of identical library ele- 
ments EXl. Set of library elements 115B include a multi- 
plicity (from 1 to X2) of identical library elements EX2. Set 
of library elements 115X include a multiplicity (from 1 to 
XX) of identical library elements EXX. 
[0020] The groupings of circuit elements are not representative 
of the physical layout of an integrated circuit chip or of 
the sequence that library elements and/or circuit types are 
selected, but rather reflect a logical organization of 
planned integrated circuit design that the present inven- 



tion generates and operates upon. 
[0021] FIGs. 2A and 2B are exemplary tables illustrating a portion 
of a design database 120 according to the present inven- 
tion. FIG. 2B is a continuation of FIG. 2A. In FIGs. 2A and 
2B a multiplicity of technology based design element files 
125A, 125B, 125C through 125M. Each design element 
list includes all the library elements a designer may 
choose from when planning and then implementing a 
planned integrated circuit design. FIGs. 2A and 2B include 
a circuit type column, a library element column, a descrip- 
tion column, a number of devices column, a units column 
and a normalization factor column. Memory or logic tag, 
analog or digital tag, circuit function, circuit complexity, 
number and type of masking levels, number of devices, 
redundancy and shape density are examples of attributes 
of library elements that determine normalization factors. 
Not all columns actually contained in design element list 
125A, 125B, 125C through 125M of design database 120 
are illustrated in FIGs. 2A and 2B. For example, columns 
required for critical area analysis yield such as critical area 
by circuit type and defect type are not illustrated. Simi- 
larly, the portion of design database 120 that stores 
planned designs, completed designs and various yield 



predictions is not illustrated. 

[0022] Large library elements (cores) are composed of smaller 

and less complex library elements and can be represented 
by referencing the smaller and less complex library ele- 
ments in the tables of FIGs. 2A and 2B. The invention pro- 
vides for cores to be described in a proposed design as a 
list of library elements in the tables of FIGs. 2A and 2B. 
The equivalent circuit count for the core is then calculated 
by adding up the equivalent circuit counts of the library 
elements used to construct the core. 

[0023] The circuit type and the library element columns consti- 
tute a library elements list 130 (see FIG. 3) that allows 
cross-reference between library elements and circuit 
types. The circuit type and normalization factor columns 
constitute a normalization factor list 135 (see FIG. 3) that 
allows cross-reference between circuit types and normal- 
ization factors. Normalization factors are multipliers that 
may be applied to different library elements to compen- 
sate for the fact that different library elements have dif- 
ferent sensitivity to the same defect. Normalization fac- 
tors are used by the present invention to correct the num- 
ber of faults predicted to be generated by a given number 
of defects for each library element. It should be noted that 



memory library elements are normalized to thousands of 
bits, basic logic library elements are normalized to thou- 
sands of circuits, input, output and driver circuits are nor- 
malized to thousands of counts (circuits) and cores are 
normalized to instances (the actual number of cores). 
Cores are very large collections of design elements that 
are pre-designed in design-database 120. Thus not only 
are different design element sensitivity accounted for by 
the normalization factors, but also the difference in sensi- 
tivity between memory, logic and very large logic circuits 
to the same defect. 

[0024] Normalization factor are "experimentally" determined 

based on yield and failure analysis of manufactured inte- 
grated circuits. Normalization factors are insensitive to 
defect size and individual design element critical area by 
the nature of the method used to generate them. 

[0025] In the present example, a 1000 circuit, gate array circuit 
type is the base (see FIG. 2B first row) has a base other 
normalization factor of 1.0. Circuit types having a normal- 
ization factor less than 1 are less sensitive to the same 
defect and those having a normalization factor greater 
than 1 are more sensitive to the same defect. For exam- 
ple, a 1000, 6-device SRAM cells (See FIG.2A, normaliza- 



tion factor 0.42) have about the same sensitivity to a sin- 
gle defect as approximately 500, 4-device standard logic 
cells (See FIG. 2B, normalization factor 0.85) based on the 
ratio of their normalization factors (0.42/0.85). 
[0026] Examples of circuit types include but are not limited to 

read only storage (ROS). dynamic random access memory 
(DRAM), static random access memory (SRAM), registers, 
ternary content addressable memories (TCAM), off chip 
drivers (OCD). input/output circuits (I/O), gate arrays., 
micro logic, standards cells (logic gates) analog circuits 
and cores. Examples of library elements include ROS , 
DRAM, PLA, SRAM, registers, ICD, I/O, gate arrays, micro 
logic, AND, OR, NAND, NOR, AND/OR (AO), OR/AND (OA) 
logic gates analog circuits and micro-processors such as 
power PC. 

[0027] FIG. 3 is a flowchart of the method for predicting manu- 
facturing yield of an integrated circuit, according to the 
present invention. In step 140, a plan for an integrated 
circuit design (a proposed design) is generated by select- 
ing design elements to include in the proposed integrated 
circuit (or an existing plan for an integrated circuit design 
is modified) and a planned design library element list 145 
generated. Planned design library element list 145 in- 



eludes at least a listing of every instance of every design 
element (multiple design elements having multiple en- 
tries). Next in step 150, a normalized planned design li- 
brary list 155 is generated. This includes a list of each dif- 
ferent library element and a normalized count of each dif- 
ferent library element. Normalized planned design library 
list 155 is generated by (1) accessing planned design li- 
brary element list 145 to obtain the count of each differ- 
ent design element; (2) accessing library elements list 130 
to obtain the circuit type for each different library ele- 
ment; (3) accessing normalization factor list 135 to obtain 
the normalization factor to apply to the count of each dif- 
ferent design element and (5) multiplying the correspond- 
ing normalization factors and design element counts to 
generate an equivalent circuit count for each different de- 
sign element. This process and the resultant normalized 
planned design library element list 155 is illustrated in 
FIG. 4 and described infra. Planned design library element 
list 145 and normalized planned design library element 
list 155 are part of database 120 (see FIGs. 2A and 2B). 
[0028] Next in step 160, a circuit based yield model is run using 
the equivalent circuit count generated in step 150 and the 
total area of the proposed integrated circuit. It should be 



noted, that at this point, an actual integrated circuit de- 
sign has not been generated, all that exists is a list of de- 
sign elements to be included in the integrated circuit de- 
sign. The circuit based yield model essentially applies a 
defect density versus time curve (for a given technology) 
to the equivalent circuit count for each design element to 
generate a predicted manufacturing yield in step 165. The 
circuit based model is described more fully infra in rela- 
tion to FIGs. 5 and 6. 

[0029] Next, in step 170, it is determined if the predicted yield is 
acceptable (e.g.. meets cost projections). If the projected 
yield is acceptable, the method proceeds to step 175, 
otherwise the method loops back to step 140, where the 
current proposed integrated circuit design as embodied 
by planned design library element list 145 may be modi- 
fied or abandoned. 

[0030] In step 175, the actual integrated design is generated by 
route and place operations and a shapes file 180 is gener- 
ated. Shapes file 180 is part of design database 120 (see 
FIGs. 2A and 2B) and contains level-by-level shape data 
for generating photolithography masks used to manufac- 
ture the integrated circuit. 

[0031] Next, in step 185, a layout based critical area yield analy- 



sis is performed. An example of tiiis type of analysis is il- 
lustrated in equation (1). 

■ Y(t) = Yo(t)/(l+^tya)« (1) 

where: 

Y(t) = predicted wafer test yield; 
Yo(t) = gross systematic yield; 
X(t) = total chip fault density; and 
a = cluster factor. 

[0033] The gross systematic yield is yield loss due to non- 
random defects and includes such causes as process con- 
trol and capability limitations and product topology ef- 
fects. The cluster factor takes into account that random 
defects are not uniformly distributed, but tend to cluster 
so adjacent chips fail. The total chip fault density is de- 
fined in equation (2). 



[0034] 



Nc Nd 
;=l 1=1 
where: 

Cj = number of circuits of type j ; 

Aij = ratio of critical area to total area of circuit type j to defect type i; 

Di = defect density of defect type i; 

F(t) = learning factor; 

Nc = number of different circuit types; and 

Nd = number of different defect types. 



[0035] The learning factor is a reduction of defect density over 



time. 

[0036] It should be noted, that the method provides two oppor- 
tunities to "tune" the circuit based yield model of the 
present invention. To this end, in step 190 the yield pre- 
dicted by the critical area analysis model in step 185 may 
be compared to the yield predicted by the circuit based 
yield model of the present invention in step 165. This 
comparison may be performed any time after the critical 
area analysis yield is available and can be delayed or even 
not performed. Based on the comparison two independent 
decisions can be made to increase the accuracy of the cir- 
cuit based yield model of the present invention. First in 
step 195, the decision can be made to assign selected de- 
signed elements to a different circuit type, which will 
change the normalization factor for the selected library 
elements. This is done in step 200 by modification of li- 
brary elements list 130. Second in step 205, the decision 
can be made to adjust the normalization factor for se- 
lected circuit types, which will result in a change of nor- 
malization factor for all design elements of that type. Step 
210 requests new normalization factors which are gener- 
ated in step 215 after analysis of a manufacturing yield 
history database 220 and the changes incorporated in 



normalization factor list 135. l\/lanufacturing yield history 
database 220 includes a list of manufacturing yield- 
limiting parameters by circuit type. Normalization factor 
are generated based upon these parameters. 

[0037] After step 185, the integrated circuit is manufactured in 
step 225 and yield analysis (including electrical and phys- 
ical failure analysis) performed in step 230. In step 235, if 
the actual yield is as expected based on the predicted 
manufacturing yield of step 165, the method terminates. 
If not, then the method can loop to step 195 where a sec- 
ond opportunity to "tune"the circuit based yield model of 
the present invention is afforded. Again, this "tuning" may 
be performed any time after the actual manufacturing 
yield analysis is available and can be delayed or even not 
performed. It is important to realize the present invention 
is not only a method of predicting manufacturing test 
yield based on a listing of planned library elements before 
the actual design is started, but includes a method and 
system of improving the accuracy of the model itself. 

[0038] FIG. 4 is an exemplary table illustrating a list of planned 
integrated circuit design library elements according to the 
present invention. In FIG. 4, normalized planned design li- 
brary element list includes a library element column, a cir- 



cuit count column, a circuit type column, a normalization 
factor column and an equivalent circuit count column. It 
should be noted that the normalization factor for all de- 
sign elements of the same circuit type is the same. It 
should also be noted that it is possible for two circuit 
types to have the same normalization factor (for example 
circuit types TA and TD). In the example of FIG. 4, the ac- 
tual circuit count is 4950 (there are 4950 instances of de- 
sign elements) while the equivalent circuit count is 1850 
(the design will behave yield wise the same as a design 
having 1850 design elements having a normalization fac- 
tor of 1.0. 

[0039] FIG. 5 is an exemplary plot of defect density versus time 
by technology as used by the present invention. In FIG. 5, 
defect density is seen to be a function not only of time but 
also of technology. In order to predict yield, first the ex- 
pected time of manufacture, t of the integrated circuit is 
found on a defect versus time curve 240 and the corre- 
sponding defect density DD(t) is determined. The value of 
DD(t) is applied to the normalized circuit count in FIG. 6. 

[0040] FIG. 6 is an exemplary plot of yield versus normalized cir- 
cuit count by chip size according to the present invention. 
In the example of FIG. 6, three yield versus equivalent cir- 



cuit count curves 245A, 245B and 245C are illustrated. 
Each of curves 245A, 245B and 245C correspond to a dif- 
ferent cliip size. If curve 245B corresponds to tlie planned 
integrated circuit design chip size, the equivalent circuit 
count Ceq is found and the corresponding yield Y(t) is 
read. 

[0041] While a graphical method of applying the defect density 
curve to the equivalent circuit count has been described 
supra, the defect density curve may be applied mathemati- 
cally as well as described by replacing equation (2) de- 
scribed 5M^rawith equation (3). 

X<t) = CeqDD(t)A (3) 
where: 

Ceq = number of equivalent circuits; 

A= estimated ratio of critical area to total area; and 

DD(t) = defect density as a function of time. 

[0042] Estimated chip area may be determined by adding the ar- 
eas (from the design database) of each individual design 
element in the proposed integrated circuit design or may 
be assigned by the designer. 

[0043] Generally, the method for modeling integrated circuit 

yield described herein is practiced with a general-purpose 
computer and the method may be coded as a set of in- 
structions on removable or hard media for use by the 



general-purpose computer. FIG. 7 is a schematic block di- 
agram of a general-purpose computer for practicing the 
present invention. In FIG. 7, computer system 300 has at 
least one microprocessor or central processing unit (CPU) 
305. CPU 305 is interconnected via a system bus 310 to a 
random access memory (RAM) 315, a read-only memory 
(ROM) 320, an input/output (I/O) adapter 325 for a con- 
necting a removable data and/or program storage device 
330 and a mass data and/or program storage device 335, 
a user interface adapter 340 for connecting a keyboard 
345 and a mouse 350, a port adapter 355 for connecting 
a data port 360 and a display adapter 365 for connecting 
a display device 370. 
[0044] ROM 320 contains the basic operating system for com- 
puter system 300. The operating system may alternatively 
reside in RAM 315 or elsewhere as is known in the art. Ex- 
amples of removable data and/or program storage device 
330 include magnetic media such as floppy drives and 
tape drives and optical media such as CD ROM drives. Ex- 
amples of mass data and/or program storage device 335 
include hard disk drives and non-volatile memory such as 
flash memory. In addition to keyboard 345 and mouse 
350, other user input devices such as trackballs, writing 



tablets, pressure pads, microphones, light pens and posi- 
tion-sensing screen displays may be connected to user 
interface 340. Examples of display devices include cath- 
ode-ray tubes (CRT) and liquid crystal displays (LCD). 

[0045] A computer program with an appropriate application in- 
terface may be created by one of skill in the art and stored 
on the system or a data and/or program storage device to 
simplify the practicing of this invention. In operation, in- 
formation for or the computer program created to run the 
present invention is loaded on the appropriate removable 
data and/or program storage device 330, fed through 
data port 360 or typed in using keyboard 345. 

[0046] Thus, the present invention supplies a method for accu- 
rately predicting integrated circuit yield prior to design 
completion is required. 

[0047] jhe description of the embodiments of the present inven- 
tion is given above for the understanding of the present 
invention. It will be understood that the invention is not 
limited to the particular embodiments described herein, 
but is capable of various modifications, rearrangements 
and substitutions as will now become apparent to those 
skilled in the art without departing from the scope of the 
invention. Therefore, it is intended that the following 



claims cover all such modifications and changes as fall 
within the true spirit and scope of the invention. 



